Abstract: This study employs polarimetric synthetic aperture radar (Pol-SAR) to examine the scattering properties of continuous slow-release oil slicks on the sea surface. The objective is to extract and analyze the general polarization scattering properties of continuous slow-release slicks, i.e., those slicks that consist of substances released at a fairly slow and relatively constant rate, and to determine the influence of the slick formation process on these properties. Using multi-polarization feature parameters derived from the averaged coherency matrix, we find that the scattering mechanisms related to the continuous slow-release slicks differ from those of anthropogenic slicks, possibly as a result of the multiple scattering mechanisms that occur between the interfaces formed by the thick slick layer. Combinations of entropy (H) and modified anisotropy (A 12 ) are relatively robust parameters for identifying continuous slow-release slicks under different sea conditions, and may serve as a reference parameter for slick detection.
Introduction
Oil spills, whether in open water or near shorelines, are considered a serious environmental pollution problem. Oil pollution has received extensive public attention on account of the resulting ecological destruction, including oil floating on the sea surface, residual oil deposited on coastlines, sunken and submerged oil, oiled marine animals, and areas of oil-polluted sea ice [1] [2] [3] [4] . Alves and Zodiatis have conducted some of the most complete studies of oil spill response in the form of an assessment of the impact of oil spills on human activity and shorelines; offshore susceptibility; and clean-up, and mitigation efforts in the Mediterranean Basin and the Baltic Sea based on some worthy projects on oil spill response [5] [6] [7] [8] . There are two main mechanisms by which marine slicks form on the sea surface. The first mechanism includes oil spills caused by human activities such as ship accidents, local spills near harbors, utilization, and discharge, which are usually considered to be relatively direct and rapid-release slicks on the sea surface within a certain time limit. The second involves oil seepage at a fairly slow and relatively constant rate, giving rise to what can be termed as continuous slow-release slicks, such as natural oil seeps and biogenic slicks [9, 10] . Natural oil seeps are the single most significant source, accounting for approximately 47% of the total petroleum compounds released each year [9, 11, 12] . Being frequently less visible, natural oil seeps often receive less consideration than oil spills from maritime accidents. Biogenic slicks consist of surface-active organic compounds that are composed of a hydrophobic part and a hydrophilic part, and are released by marine plants same airborne/spaceborne sensors [13] . Herein, the situation described above and a brief inspiration from other published work forms the background to the present study [13, 30, [35] [36] [37] , which contains two main research objectives. The first is to extract the general polarization scattering properties of continuous slow-release slicks through qualitative and quantitative analysis of two typical continuous slow-release slicks (natural oil seeps and biogenic slicks) and investigate the underlying scattering mechanisms using the same Pol-SAR system. The second is to explore how the formation process of marine slicks influences the resulting scattering properties, through quantitative analysis of the differences between biogenic slick (as the continuous slow-release monomolecular slick) and peanut oil (as the anthropogenic sea surface monomolecular slick simulating biogenic slicks [13, 30, 35] ) in the same location being monitored by the same sensors.
Experimental Design and Methodology

Experimental Design
Continuous slow-release slicks comprise substances released at a fairly slow and relatively constant rate [9, 10] . In this study, two typical continuous slow-release slicks based on quadpolarization RADARSAT-2 data are used for two research cases: natural oil seeps and biogenic slicks. The formation process for two typical continuous slow-release slicks is shown in Figure 1 . RADARSAT-2 provides multi-polarization and multi-beam operation modes, including Spotlight, Fine, Wide, Standard, and ScanSAR, in linear single-, dual-and quad-modes. The capabilities of RADARSAT-2 full polarization, incorporating an extremely low noise-floor and cross-talk correction of different channels, make it a remarkable system for the basis of subsequent research [19, 37] . The SAR data in this paper are further characterized in Table 1 . 
Dataset
The RADARSAT-2 image in Case 1 was acquired over the Gulf of Mexico on 8 May 2010 and covers a well-known oil spill region. The incidence angles range from 41.9 • (near range) to 43.4 • (far range); and visible dark spots have been interpreted as natural crude oil seeps (as the continuous slow-release slick), as these are common at this location ( Figure 2) 
The RADARSAT-2 image in Case 1 was acquired over the Gulf of Mexico on 8 May 2010 and covers a well-known oil spill region. The incidence angles range from 41.9° (near range) to 43.4° (far range); and visible dark spots have been interpreted as natural crude oil seeps (as the continuous slow-release slick), as these are common at this location ( Figure 2 ) [39] . The RADARSAT-2 image in Case 2 was acquired over the South China Sea, and shows a simulated natural biogenic slick. Approximately 5 L of peanut oil were deliberately poured onto the sea surface in order to simulate a biogenic slick and the atmospheric front in the vicinity of the slick. The data have been studied in other papers [30, 35] . The incidence angles ranged from 32.4° to 34.1° ( Figure 3 ). The experiment location is near a popular fishing region off the coast of China's Hainan Island [35] . It should be noted that biogenic slicks and peanut oil slicks are both considered to be the same type of monomolecular slick; thus, research into the scattering properties of the monomolecular slick produced by five liters of peanut oil can be used as a reference for future research. The RADARSAT-2 image in Case 2 was acquired over the South China Sea, and shows a simulated natural biogenic slick. Approximately 5 L of peanut oil were deliberately poured onto the sea surface in order to simulate a biogenic slick and the atmospheric front in the vicinity of the slick. The data have been studied in other papers [30, 35] . The incidence angles ranged from 32.4 • to 34.1 • (Figure 3 ). The experiment location is near a popular fishing region off the coast of China's Hainan Island [35] . It should be noted that biogenic slicks and peanut oil slicks are both considered to be the same type of monomolecular slick; thus, research into the scattering properties of the monomolecular slick produced by five liters of peanut oil can be used as a reference for future research. 
Noise Analysis
Radar backscatter signals from the target, such as oil spills, biogenic slicks, and look-alikes, return only part of the total incident radar power [18] . The noise equivalent sigma zero (NESZ is the noise-floor in the SAR operating system, which represents the radar backscatter cross-section of the signal level, equivalent to that from the noise of the instrument. The magnitude of NESZ is influenced by the radar antenna power, antenna gain, system power consumption, and system ambient temperature. The normalized radar cross section (NRCS) data that are lower than the NESZ are regarded as corrupted by noise. Hence, NESZ, the benchmark for measuring the detection limit of the backscatter signal, is useful and important for analyzing the signal level of the targets.
Noise analyses are implemented based on the two RADARSAT-2 data series in Section 3. The NRCS of each polarization channel is plotted with the NESZ to analyze the signal level. The backscatter values σ0 in the sampling areas, labeled as blue/red/yellow/green boxes in Figures 2 and  3 , represent the distribution of the sample data.
Methodology
Radar polarization information can be used to study the surface characteristics of continuous slow-release oil slicks. Interpretation and analysis of polarization information can capture important indicators of scattered signals, derived from the slick surfaces. Some prior studies have demonstrated the ability of polarization decomposition methods to analyze and evaluate the scattering properties of marine slicks [18, 25, 29, 40] . In this paper, the parametric analysis of RADARSAT-2 data is primarily grounded in the eigenvalue-and eigenvector-based Cloude polarization decomposition algorithm, including H/α calculated by [41] , anisotropy A12 revised by [25] , and volume scattering index (VSI) introduced by [42, 43] .
A fully polarimetric SAR scattering matrix S is given as:
Here, matrix elements Sxy, with x, y ∈ {H, V}, where x represents transmit, y represents receive, and H and V represent horizontal and vertical polarizations, respectively. The coherence matrices T can be constructed based on the Pauli scattering vector k, which can be obtained from the scattering matrix S. For a reciprocal medium, the dimension of vector k is 3 and the relation SHV = SVH is satisfied in this paper. The vector k and matrix T are given by [44] : 
Noise Analysis
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Here, matrix elements S xy , with x, y ∈ {H, V}, where x represents transmit, y represents receive, and H and V represent horizontal and vertical polarizations, respectively. The coherence matrices T can be constructed based on the Pauli scattering vector k, which can be obtained from the scattering matrix S. For a reciprocal medium, the dimension of vector k is 3 and the relation S HV = S VH is satisfied in this paper. The vector k and matrix T are given by [44] :
Polarimetric features can be obtained using T matrices. Eigenvalues or eigenvectors can be obtained by T matrix decomposition. The eigenvalues λ i and eigenvectors u i are given by [45] :
Entropy is one component of the H/A 12 /α decomposition that is defined by a logarithmic form of eigenvalues λ i decomposed with T, among them λ 1 > λ 2 > λ 3 . Entropy, H, represents the degree of randomness of the scattering mechanisms that dominate the target region, and is given by [45] :
The mean scattering angle α is used to describe the underlying scattering mechanism, which usually combines with polarization entropy H and anisotropy A. The mean scattering angle is given by [45] :
The modified anisotropy A 12 is calculated based on the two largest eigenvalues of T, and is different from the conventional A, which is calculated using the two smallest eigenvalues [25] . The conventional A can be considered as the effective parameter for measuring small-scale roughness on the sea surface.
The parameter combination of H and A 12 , which increase the likelihood of distinguishing different ocean slicks, is proposed to analyze the character of targets, i.e., (1 
VSI is a measure of the depolarization of the linearly polarized incident radar signal. The depolarization mechanisms are of the multipath-scattering type. As an indirect measure of multipath scattering elements, VSI is commonly applied to forest and wetland ecosystems. The marine system is highly complex, and the scattering mechanisms of marine films vary according to film thickness, wind speed, wave height, and other factors. The VSI is given as follows (where VV, HH, VH and HV represent the backscatter parameters derived from the matrix elements S xy , respectively) [42, 43] :
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Results
NESZ Analysis
In this section, the NRCS of each polarization channel is plotted to analyze the signal level relative to the NESZ in Figure 4 . The box-plots show the minimum, maximum, upper quartile, median, lower quartile, and outliers of the backscatter values σ 0 in sample areas labeled as blue/red/yellow boxes in Figures 2 and 3 , which represent the distribution of the sample data. The median is the value separating an ordered data array into two equal parts; the upper quartile is defined as the middle number between the minimum and median of the ordered array sample data, and the lower quartile is the middle number between the maximum and the median. blue/red/yellow boxes in Figures 2 and 3 , which represent the distribution of the sample data. The median is the value separating an ordered data array into two equal parts; the upper quartile is defined as the middle number between the minimum and median of the ordered array sample data, and the lower quartile is the middle number between the maximum and the median. For the imagery in Case 1, three groups of sample data were extracted for follow-up analysis, including seawater, thick oil, and the thin oil slick mixed with water at the boundary of the oil slick. For the VV channel, the signal values of seawater are mostly greater than the NESZ, with the exception of some data at large incident angles. In the thick oil region, the data from both sample areas span the NESZ, with more than 50% of the data being lower than the NESZ values. The data For the imagery in Case 1, three groups of sample data were extracted for follow-up analysis, including seawater, thick oil, and the thin oil slick mixed with water at the boundary of the oil slick. For the VV channel, the signal values of seawater are mostly greater than the NESZ, with the exception of some data at large incident angles. In the thick oil region, the data from both sample areas span the NESZ, with more than 50% of the data being lower than the NESZ values. The data range extends from 7.4 dB below to 6.6 dB above the NESZ baseline, and the data are distributed mostly within the area with a lower backscattering value than that of the sea. In the thin oil area, approximately 50-70% of the data lie above the NESZ baseline. The mixture of oil and water is sufficient at the boundary of the oil spill area, especially in the sample area with high incidence angle. The data values range from 12 dB below to 6.1 dB above the NESZ in the VV. Backscatter decreases faster in the HH channel than in the VV channel, so all the sample data in the HH channel are approximately 5 dB lower than those in the VV channel and thus closer to the noise floor ( Figure 4c ). As shown in Figure 4e , high noise contamination was observed in returns from all three surfaces in the cross-polarization (VH) channels.
For the imagery in Case 2, the overall values of the sea area are 1.9-7.2 above the NESZ baseline in the VV channel (Figure 4b ). In the biogenic slick region, all the data values span the NESZ. Approximately 50-75% of the slick data are higher than the NESZ baseline, and most slick data are distributed in the area with a lower backscattering value than that of the sea. In the area with the peanut oil slick, more than 75% of the data are 2.4 dB above the NESZ baseline; the statistical values of peanut oil slick are much lower than those of the sea and are slightly higher than those of the biogenic slick. On the other hand, the mean HH values lie about 1.3-5.2 dB below the mean VV signal in all the samples (Figure 4d ). In the VH channel, all data are contaminated by instrument noise, and fluctuate around the NESZ baseline (Figure 4f) .
Analysis of the two images shows that co-polarization channels (VV/HH) have higher signal-to-noise ratios (SNRs) than the cross-polarization (VH/HV) channels, and the backscatter in the VV polarization channel is lower than that in the HH channel. In addition, the noise floor baseline is higher in Case 1 than in Case 2, which results in the image in Case 1 having a higher SNR. Figure 5 presents the results for entropy analysis in the two cases. The polarization scattering entropy describes the randomness of various scattering types, which are roll-invariant. As shown in Figure 5a ,b, seawater is dominated primarily by a single scattering target return from surface Bragg scatter, whose entropy value is lower than those of both crude oil and biogenic slicks. Natural oil seeps and biogenic slicks are clearly distinguished from the ambient ocean with significantly higher H, which indicates that the scattering has relatively strong randomness, and the number of identifiable scattering mechanisms is reduced. For Case 1, the data results extracted from the oil sample area (the green boxes in Figure 2 ) are shown in Figure 5c ,d. The entropy value within the thick oil region increases significantly, with all values being greater than 0.9. The oil slick has multiple scattering mechanisms, including both Bragg and non-Bragg scattering, and thus presents complex characteristics [31] . The entropy values within the thin oil region in Case 1 range from 0.8 to 0.9.
Polarization Parameters of Continuous Slow-Release Slick
The results show the differences in entropy between the slick (0.6-0.95), ambient sea (0.2-0.4), peanut oil (0.75-0.85), and atmospheric front (0.5-0.7) areas in Case 2. The NESZ baseline is lower in the image with a smaller incidence angle (Case 2) than that with larger incidence angle (Case 1), and signals are less contaminated by noise. Hence, the ambient signal level within the image with small incidence angle (Case 2) has a higher SNR. These results may explain why the ocean has higher entropy in images of natural oil seeps (i.e., with larger incidence angle) than that in images of biogenic slicks (i.e., with smaller incidence angle). These findings concur with those reported in the literature [25] . Figure 6 depicts the character of the mean scattering angle α, which corresponds to the scattering mechanism of the target area. The effective range of α corresponds to the continuous variation of the scattering mechanism. The primary scattering mechanism is surface scatter, including geometrical optics surface scattering, physical optics surface scattering, specular scattering, and Bragg surface scattering when α is <42.5°. Dipole scattering is dominant when α is in the range from 42.5° to 47.5°, and double-bounce scattering or even-bounce scattering is dominant when α is in the range 47.5-90°. In the ocean area, surface single scattering is the main scattering mechanism. For Case 1, the mean scattering angle α is low (~30°) for clean sea areas, indicating that single-bounce surface scatter is dominant. The range of α is around 55-65° within the thick oil area, and 45-55° within thin oil area, as the presence of oil modifies the scattering mechanism. In addition, the regular ripples caused by wind, waves, and currents on the sea surface also show similar characteristics to the thin oil slick for α. On the other hand, the α value of seawater is <15°, within the range 45-55° for the biogenic slick, and 35-42° for peanut oil in Case 2. Figure 6 depicts the character of the mean scattering angle α, which corresponds to the scattering mechanism of the target area. The effective range of α corresponds to the continuous variation of the scattering mechanism. The primary scattering mechanism is surface scatter, including geometrical optics surface scattering, physical optics surface scattering, specular scattering, and Bragg surface scattering when α is <42.5 • . Dipole scattering is dominant when α is in the range from 42.5 • to 47.5 • , and double-bounce scattering or even-bounce scattering is dominant when α is in the range 47.5-90 • . In the ocean area, surface single scattering is the main scattering mechanism. For Case 1, the mean scattering angle α is low (~30 • ) for clean sea areas, indicating that single-bounce surface scatter is dominant. The range of α is around 55-65 • within the thick oil area, and 45-55 • within thin oil area, as the presence of oil modifies the scattering mechanism. In addition, the regular ripples caused by wind, waves, and currents on the sea surface also show similar characteristics to the thin oil slick for α. On the other hand, the α value of seawater is <15 • , within the range 45-55 • for the biogenic slick, and 35-42 • for peanut oil in Case 2. As seen in Figure 7 , modified anisotropy A12 provides a good visual contrast between slicks and sea in both cases. For Case 1, the oil region, which is primarily dominated by the second eigenvalue λ2, has a lower modified anisotropy value when compared to clean seawater. There is a distinct boundary between the thick oil region and the seawater with substantially different values. The range of A12 within the thick oil area is approximately 0.1-0.25. In the thin oil region (0.3-0.5), A12 has slightly higher values than those in the thick oil region, but still lower than those of ambient sea. A12 values are 0.8-0.95 for the area of clean sea (Figure 7a ). It should be noted that the modified anisotropy A12 is calculated using the two largest eigenvalues, in case the second and third eigenvalues are seriously affected by noise, which differs from the conventional calculation procedure.
Additional results for A12 in Case 2 are presented in Figure 7b . A12 values in the clean seawater and biogenic slick area show similar trends to those of Case 1. The range of A12 values within the biogenic slick region is around 0.2-0.3. The molecular density on the edge of the biogenic slick is As seen in Figure 7 , modified anisotropy A 12 provides a good visual contrast between slicks and sea in both cases. For Case 1, the oil region, which is primarily dominated by the second eigenvalue λ 2 , has a lower modified anisotropy value when compared to clean seawater. There is a distinct boundary between the thick oil region and the seawater with substantially different values. The range of A 12 within the thick oil area is approximately 0.1-0.25. In the thin oil region (0.3-0.5), A 12 has slightly higher values than those in the thick oil region, but still lower than those of ambient sea. A 12 values are 0.8-0.95 for the area of clean sea (Figure 7a ). It should be noted that the modified anisotropy A 12 is calculated using the two largest eigenvalues, in case the second and third eigenvalues are seriously affected by noise, which differs from the conventional calculation procedure.
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11 of 20 reasons, the biogenic slicks present as a thinner strip in the image, accompanied by the discontinuous phenomenon. In addition, the peanut oil poured onto the sea surface is regarded as a type of monomolecular slick to simulate biogenic slick. However, it exhibits much less capacity to suppress sea surface roughness than do biogenic slicks, resulting in A12 values within the range of 0.35-0.5. As shown in Figures 8-10 , the combinations of entropy H and modified anisotropy A12, which represent a heuristic modification from the conventional combination of H/A, are used to increase the recognition ability of various scattering types of the target area. The modified combinations are also able to highlight some details concerning changes in the various objectives under different combinations, which have similar purpose and significance to the traditional H/A combinations, i.e., In addition, the peanut oil poured onto the sea surface is regarded as a type of monomolecular slick to simulate biogenic slick. However, it exhibits much less capacity to suppress sea surface roughness than do biogenic slicks, resulting in A 12 values within the range of 0.35-0.5.
As shown in Figures 8-10 , the combinations of entropy H and modified anisotropy A 12 , which represent a heuristic modification from the conventional combination of H/A, are used to increase the recognition ability of various scattering types of the target area. The modified combinations are also able to highlight some details concerning changes in the various objectives under different combinations, which have similar purpose and significance to the traditional H/A combinations, i.e., (1 − H)*(1 − A 12 ), (1 − H)*A 12 , H* (1 − A 12 ) , and H*A 12 . Figures 8 and 9 show the combined H*(1 − A12) and H*A12 images. In comparison with the traditional H/A combination parameters, the result presents an interesting phenomenon in that the entire H*(1 − A12) image is relatively smooth. This effectively suppresses noise interference, but part of the internal wave region is still misclassified as a thin oil slick, due to similar data characteristics and range in the natural oil seep image. Some interference data remain, similarly to the thin oil slick. In contrast, the thin region at the biogenic slick boundary exhibits similar parameter values to those of peanut oil, but the atmospheric front shows obviously reduced interference in comparison to the peanut oil area; hence, the signal level of the biogenic slick area retains an obvious contrast with the ambient sea. Additional results for H*A12 are presented in Figure 11 . In the oil spill image, the modified parameters H*A12 produced a map of the oil spill that effectively suppressed the ambient interference information, i.e., internal waves, which can be used for the extraction and classification of the oil spill. The 3-D spatial distribution plots of H/α/A12 and the H/α plane are shown in Figures  10 and 11 . These plots can help to better interpret the scattering difference between continuous slowrelease slicks and seawater [34] . Figures 8 and 9 show the combined H*(1 − A 12 ) and H*A 12 images. In comparison with the traditional H/A combination parameters, the result presents an interesting phenomenon in that the entire H*(1 − A 12 ) image is relatively smooth. This effectively suppresses noise interference, but part of the internal wave region is still misclassified as a thin oil slick, due to similar data characteristics and range in the natural oil seep image. Some interference data remain, similarly to the thin oil slick. In contrast, the thin region at the biogenic slick boundary exhibits similar parameter values to those of peanut oil, but the atmospheric front shows obviously reduced interference in comparison to the peanut oil area; hence, the signal level of the biogenic slick area retains an obvious contrast with the ambient sea. Additional results for H*A 12 are presented in Figure 11 . In the oil spill image, the modified parameters H*A 12 produced a map of the oil spill that effectively suppressed the ambient interference information, i.e., internal waves, which can be used for the extraction and classification of the oil spill. The 3-D spatial distribution plots of H/α/A 12 and the H/α plane are shown in Figures 10 and 11 . These plots can help to better interpret the scattering difference between continuous slow-release slicks and seawater [34] . 
Discussion
Analysis of Instrument Noise and NRCS
Surface oil slicks dampen the capillary waves and gravity waves of the sea surface, and reduce small-scale surface roughness and radar backscatter signals. Hence, backscatter from oil slick areas is relatively low when compared to that of the ambient sea, which is more likely to be contaminated by the noise floor. In both the continuous slow-release slick cases, the NRCS of the HH channel is generally lower than that of the VV channel, indicating that the backscatter of the HH channel decreases faster than that of VV. In addition, signals are difficult to distinguish under cross-polarized channels, because the cross-polarized NRCS of both the continuous slow-release slicks are closer to the noise floor and therefore more seriously corrupted by noise. Hence, the VV channel is generally considered more suitable for oil spill detection than HH or the cross-polarized channels. Comparing the image quality and information of the two continuous slow-release oil slick cases, the NESZ baseline of the Case 1 image is higher than that of Case 2; consequently, the signal for the entire SAR image in Case 1 is more seriously contaminated by the noise floor, leading to lower SNR in Case 1. For all the NRCS channels, proximity to the NESZ baseline profoundly affects eigenvalues, eigenvectors, and the associated polarization scattering parameters. Consequently, all parameters of the seawater area in Case 1 are higher than those in Case 2. This phenomenon indicates that, within the same RADARSAT-2 system, a greater proportion of signals in images with large incident angle are contaminated by noise than those with smaller incidence angles of because they are closer to the noise floor. These findings are in accordance with others reported in the literature [18, 25] .
It should be noted that continuous slow-release slicks are composed of substances released at a fairly slow and relatively constant rate into marine environments, and have a stable slick structure and smooth surface. For Case 1, petroleum is continuously released naturally from the seabed up to the sea surface, such that oil is continually introduced into the bottom layer of the oil slick, accumulating to form an oil layer of a certain thickness. A southeasterly wind prevailed during the period of data collection. On the leeward side, the thin oil at the edge of the slick mixed with seawater. Hence, the NRCS of thick oil is lower than that for thin oil under the co-polarization channel, due to the greater damping effect by of a thick oil layer on the sea surface. For Case 2, biogenic slicks consist of surface-active organic continuously released by marine plants and microorganisms, the data acquisition area is near a popular fishing region off the coast of China's Hainan Island, and the data acquisition period (September) coincides with the greatest biological activity in nearby fisheries. Therefore, a large number of biogenic slicks form dense high concentrations slicks, which appear as smooth, dark stripes. However, the peanut oil that was artificially released onto the sea surface to simulate the biogenic slick in this experiment quickly forms a relatively thin monomolecular slick on the sea surface, due to spontaneous distribution resulting from its molecular characteristics and gravity. The formation process of the two slicks is different. This may explain why the NRCS of the peanut oil is higher than that of biogenic slick.
Analysis of Polarization Scattering Characteristics
In both of the continuous slow-release slicks, the seawater, which exhibits primarily Bragg scattering that is dominated by the largest eigenvalue λ 1 , has relatively low entropy and high A 12 . However, as the results (above) show, the seawater in Case 1 exhibits more complex random scattering characteristics than that in Case 2 with the higher H and lower A 12 , i.e., the surface in Case 1 is more random and is affected by other eigenvalues. There are several possible reasons for this outcome: the incidence angle in Case 1 is 41.9-43.4 • (near 45 • ) and, thus, the signal is contaminated by instrument noise because the NESZ baseline is relatively high; two perpendicular planes on the sea surface form a water dihedral that increases the randomness of the sea surface scattering mechanism when approaching high incidence angle (near 45 • ), especially at the grazing angle [37] .
The continuous slow-release slicks both exhibit complex and highly random scattering characteristics (high entropy and low A 12 ). It is generally believed that the slicks form a certain thickness of surface layer between sea and atmosphere [37, [46] [47] [48] ; thus, the medium consists of three layers-atmosphere, oil slick, and seawater-divided by two special statistically rough interfaces (slick-air interface and slick-water interface) with many possibilities for multiple reflections and scattering in the middle layer. On the other hand, during the formation of continuous slow-release slicks, weathering and emulsification action on the continuous slow-release slick layer may result in oil-in-water emulsification or water -in-oil emulsification. Hence, the randomness of the volume scattering component may be increased in the slick layer.
For Case 2, the biogenic slick and peanut oil (surfactant) are often used as the same type of monomolecular slicks for comparison and study [13, 30, 35, 36] . As the results (above) show, the continuous slow-release (biogenic) slick exhibits greater damping and more complex random scattering characteristics than anthropogenic ocean surface slicks (peanut oil), this could be explained by the difference in the formation process of the slicks. It should be noted that peanut oil released on the sea surface forms monomolecular slicks because of its special amphiphilic structure, which can be used to simulate biogenic slicks. Thus, in this study, the scattering results of the effective peanut oil area produced by five liters of peanut oil are considered to be an acceptable reference for future research on the influence and mechanisms of marine slick formation processes.
Conclusions
Quad-polarization SAR provides an effective tool for detecting oil spills, and has the capacity to provide comprehensive and abundant polarization information about marine oil slicks. In this study, the polarization scattering characteristics of two typical continuous slow-release slicks were investigated under the quad-polarization RADARSAT-2 system. The signal levels of the samples and instruments were examined at different incident angles to explore the influence of SNR on subsequent analysis and results. Furthermore, possible scattering mechanisms of continuous slow-release slicks, anthropogenic ocean surface slicks, and seawater are explored and analyzed based on the modified polarization decomposition parameter combination H/α/A 12 and VSI. It needs to be emphasized that the continuous slow-release slicks in different sea areas and origins will have different characteristics and size information. The more abundant and comprehensive study is necessary to explore the continuous slow-release slicks in the future. The main findings of this study are as follows:
• Images acquired at small incident angles have higher SNR than those with large incident angles under the same RADARSAT-2 system. The NRCS of cross-polarization channels are lower than those of co-polarization channels, which are more seriously affected by the noise floor because of their proximity to the NESZ baseline.
•
The polarimetric scattering properties of continuous slow-release slicks differ from those of clean seawater, even for anthropogenic ocean surface slicks, since continuous slow-release slicks exhibit complex, multiple scattering mechanisms, possibly as a result of the comprehensive influence of surface scattering, volume scattering, and the noise floor. In addition, continuous slow-release (biogenic) slicks exhibit greater damping characteristics and more complex random scattering characteristics than anthropogenic ocean surface slicks (simulated with peanut oil) in this experiment.
For slick detection, the combinations of entropy (H) and modified anisotropy (A 12 ) permit fairly robust identification of slicks from SAR images under different sea conditions.
Previous studies have concluded that there are many factors that affect the polarimetric scattering characteristics of oil spills, including environmental factors (e.g., wind speed, waves, sea currents, sea temperature, seawater composition, climate, and light intensity), instrument design parameters (polarization, incident angle, bandwidth, noise floor, instrument precision), and oil slick information (oil type, age, thickness, formation process, and reason for formation). More detailed research on continuous slow-release marine oil slicks is planned.
